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Abstract

Objective Whole-body dynamic imaging using positron emission tomography (PET) facilitates the quantification of tracer
kinetics. It is potentially valuable for the differential diagnosis of tumors and for the evaluation of therapeutic efficacy. In
whole-body dynamic PET with continuous bed motion (CBM) (WBDCBM-PET), the pass number and bed velocity are key
considerations. In the present study, we aimed to investigate the effect of a combination of pass number and bed velocity on
the quantitative accuracy and quality of WBDCBM-PET images.

Methods In this study, WBDCBM-PET imaging was performed at a body phantom using seven bed velocity settings in
combination with pass numbers. The resulting image quality was evaluated. For comparing different acquisition settings, the
dynamic index (DI) was obtained using the following formula: [P/S], where P represents the pass number, and S represents
the bed velocity (mmy/s). The following physical parameters were evaluated: noise equivalent count at phantom (NECp,0m)-
percent background variability (Vg ), percent contrast of the 10 mm hot sphere (O 19 mm)> the O 10 mm/N10 mm Tatio, and
the maximum standardized uptake value (SUV_,,.). Furthermore, visual evaluation was performed.

Results The NEC,,,m Was equivalent for the same DI settings regardless of the bed velocity. The Ny, exhibited an
inverse correlation (r < —0.89) with the DI. Qy ;¢ ,,,, Was not affected by DI, and a correlation between Qy 1 /N1 mm Tati0
and DI was found at all the velocities (r>0.93). The SUV .. of the spheres was not influenced by the DI. The coefficient of
variations caused by bed velocity decreased in larger spheres. There was no significant difference between the bed velocities
on visual evaluation.

Conclusion The quantitative accuracy and image quality achieved with WBDCBM-PET was comparable to that achieved
with non-dynamic CBM, regardless of the pass number and bed velocity used during imaging for a given acquisition time.
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Introduction

Whole-body positron emission tomography (PET) uses the
step-and-shoot (SS) technique and has been widely investi-
gated. SS techniques necessitate the use of multiple overlap-
ping beds (approximately > 8 beds) to achieve uniform axial
coverage of the patient [1-4]. However, these techniques
entail long acquisition times because of overlapping bed
positions. Continuous bed motion (CBM) acquisition has
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been clinically available for commercial PET systems for
several years. CBM techniques involve continuous move-
ment of the patient bed, which helps in eliminating over-
lapping scans associated with SS [5-7]. The use of CBM
techniques require the determination of bed motion velocity
instead of acquisition time per bed as is done in the conven-
tional SS techniques. In the previous studies, the image qual-
ity and quantitative data obtained with CBM were shown to
be equivalent or better than those obtained with SS imaging
with respect to image contrast, uniformity, and end-plane
imaging [5-9]. In particular, quantitative studies that com-
pared CBM and SS revealed no difference between mean
standardized uptake values (SUV) calculated for phantom
or clinical studies [7-11].
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Several studies have demonstrated the quantitative ben-
efits of dynamic PET; in addition, its protocol allows for the
quantification of tracer kinetics, which plays an important
role in tumor diagnosis and monitoring of therapeutic effect
[12—18]. However, dynamic PET typically requires long scan
times due to various issues specific to the SS technique, such
as overlapping bed positions. As previously mentioned, the
CBM technique does not require overlapping scans unlike
the SS technique. Osborne et al. described that CBM-PET
techniques using the standard whole-body dynamic imag-
ing principles achieve expected quantitative results as com-
pared to that achieved with the standard dynamic imaging
methods and previously published values [19]. However,
they only reported clinical data pertaining to patients and
did not verify the physical parameters in a phantom study.
PET is a quantitative imaging technique and requires a high
quantitative accuracy [20-22]. Therefore, verification of
physical parameters including the radioactivity concentra-
tion in a phantom study is important to ensure the quantity
and quantification of whole-body dynamic imaging with
CBM-PET. Dynamic PET technique using CBM (dynamic
CBM) requires specific pass numbers and the bed velocity
is two-to-ten times faster than that in non-dynamic CBM.
To the best of our knowledge, the physical parameters of
whole-body dynamic PET with CBM (WBDCBM-PET)
using a phantom are not well characterized. This study inves-
tigates the impact of WBDCBM-PET on the quantification
of summed images, without considering the quantification
of the end-point kinetic parameters of dynamic PET. How-
ever, summed images obtained using the dynamic acquisi-
tion help in the improvement of the signal-to-noise ratio and
the reduction of the variation of the pixel value, which are
extremely important for clinical diagnosis. This study aimed
to investigate the effect of a combination of pass numbers
and bed velocity on the quantitative accuracy and quality of
WBDCBM-PET images.

Materials and methods
Systems and imaging procedure

In this study, a WBDCBM-PET imaging system (Bio-
graph mCT Flow 20-4R, Siemens Medical Solutions USA,
Inc.) was used. A National Electrical Manufacturers Asso-
ciation (NEMA) body phantom containing six spheres
(diameter, 10-37 mm) was used for the evaluation of the
physical parameters and image quality. The background
region of body phantom was filled with 4.22 kBq/mL of
BF_fluorodeoxyglucose (FDG), and the six spheres were
prepared with four times the concentration of the back-
ground region. Phantoms were made for each bed velocity
and were scanned either the same or the different day. The

average radioactivity concentration of these phantoms was
42.91+0.47 MBq. Image analyses were conducted using
PETquact (Nihon Medi-physics, Tokyo) and Fusion Viewer
Software (AZE, Tokyo). Non-dynamic CBM acquisition
(single pass) with a bed velocity of 1 mm/s was performed
to compare with dynamic CBM (multiple passes) acquisi-
tion. Imaging for WBDCBM-PET, which comprised six bed
velocity settings (2—7 mm/s) in combination with pass num-
bers up to 21 and non-dynamic CBM, was performed on the
NEMA body phantom (Fig. 1). We defined a dynamic index
(DI) as a parameter of acquisition time on dynamic CBM,
and this index facilitated the determination of bed velocity
and the number of passes in WBDCBM-PET. The DI was
obtained using the following formula: [P/S], where P is pass
number and S is bed velocity (mm/s). In this study, the scan
duration of non-dynamic CBM was equivalent to that of
WBDCBM-PET in DI 1, where P and S were 1 and 1 mm/s,
respectively. Dynamic and non-dynamic CBM acquisi-
tions were performed for 780 s and 260 s, respectively. The
scan durations of DI 1, DI 2, and DI 3 were 260 s, 520 s,
and 780 s, respectively. Prompt coincidence events in DI 1
accounted for approximately 46 Mcounts. Reconstructions
were performed using time-of-flight (TOF) measurements,
which have been used for clinical purposes in our hospital;
pixel sizes in the axial plane and the direction of transverse
axis were 4 and 2 mm, respectively. Iterative reconstruction
employed a three-dimensional ordered subset expectation
maximization (OSEM) algorithm with 3 iterations and 21
subsets. Point spread function (PSF) and attenuation cor-
rection were used, and post-filtering was applied using the
Gaussian filter at 4 mm.

Non-dynamic Dynamic

continuous continuous

bed motion bed motion
A

1 pass 2—7passes

Fig.1 Comparison between non-dynamic continuous bed motion
(CBM) and dynamic CBM imaging of a National Electrical Manufac-
turers Association body phantom. Non-dynamic CBM was performed
with 1 pass number and 1 mm/s bed velocity. Dynamic CBM was
performed with pass numbers of 1—21 and bed velocity of 2—7 mm/s
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Data analysis

The following physical parameters were evaluated:
NEC . aniom» the percent background variability at 12
regions of interests (ROI) (diameter: 10 mm) set in the back-
ground area (N, ,,), the percent contrast in the 10-mm-
diameter hot sphere (Qy 10 mm)> the Oy 10 mm/N10 mm ratio
(OH.10 mm/N10 mm)» Which represents the indicators of lesion
detectability, and the maximum standardized uptake values
(SUV .0-

NEC was calculated using the following formula:

phantom

(P-D)

— 2 —
NEC,untom(Mcounts) = (1 — SF)” x P-D)x A+ 0D’ k=

where SF, k, and f represent scatter fraction, random scaling
factor, and ratio of object size to the cross-sectional area of
the imaging field of view, respectively. P and D represent the
prompt and delayed coincidences, respectively [23].

Nio mm Was calculated using the following formula:

SD
—_—10mm 100,
B,10 mm

Nl() mm(%) =

where SD, ., is the standard deviation in a set of 12
10-mm-diameter ROIs on a background area with the six
spheres visualized most clearly. Similar circular ROIs were
also set for slices at distances of approximately + 1 and
+2 cm from the slice. SDy; ., is calculated as follows:

K 2
(G - C
SDlomm — Zk_l ( b,lOIrzm;k1 B,10 mm) ) K = 60,

where Cy g mm i the 10-mm-diameter ROI in the back-
ground area and Cp g,y 1S the average value of all back-
ground 10-mm-diameter ROIs [23].

OH.10 mm Was calculated using the following formula:

<CH,]0mm _ 1)
CB‘I()mm

(2-)

where Cy 1oy 18 the average value of 10-mm spheres.
ay/ag is the activity concentration ratio for the hot sphere
to background [23]. The influence due to the difference in
DI was verified using these physical parameters and was
compared with those of non-dynamic CBM. These physical
parameters were verified using statistical analysis and coef-
ficient of variation (CV). In addition, the Mg > Q.10 mm
and Oy 10 mm/N1o mm Were compared with and without PSF
to confirm the influence on these metrics due to pixel values,
which were enhanced by PSF in DI 1 measurements.
Furthermore, visual evaluation of the slices, in which all
spheres were clearly visible among seven bed velocities in

On.10 mm (%) = x 100,
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DI 1, was performed using Scheffe’s method of paired com-
parisons (Nakaya’s variation) at a significant level of 0.05.
Evaluation criteria comprehensively included the assessment
of the background noise and the depiction of six spheres by
six individuals using the five-point scale. Statistical analy-
ses were conducted using R version 3.3.0 (R Core Team
2016) and BellCurve for Excel version 2.15 (Social Survey
Research Information Co., Ltd., Tokyo).

Results

The NEC,;,00m Was constant for the same DI settings
regardless of the bed velocity (Fig. 2), and the CV was
2.2%. No significant differences were observed between
single and multiple passes CBM with respect to the
NEC hantom Values; the percent difference ranged from
—4.4 to 1.6%. Figure 3a shows the relationship between
N1ig mm and DI. Increase in DI led to a decline in Nyg .
and a strong correlation (r<—0.89, p < 0.05) was observed
at each velocity. The N, in DI 1 was nearly the same as
that in non-dynamic CBM. The CV of the Ny, in DI 1,
2, and 3 were 7.5%, 14.1%, and 10.8%, respectively. The
OH.10 mm vValues were not dependent on DI, and there was
no significant difference (P =0.816) between Qy |y, at
the different DI indices tested. In addition, no difference
was noted regarding the Qy ;¢ ,,, between single and mul-
tiple passes CBM at all velocities (Fig. 3b). The CV of the
Q.10 mm in DI 1, 2, and 3 were 17.0%, 11.8%, and 14.2%,
respectively, although the N, ,,., was strongly correlated
with DI, the Qg |¢ mm Was not influenced by DI. Conse-
quently, the Oy 19 mm/N1o mm improved with increasing DI,
and a strong correlation between O 19 mm/N1o mm and DI
was observed at all bed velocities (r>0.93, p <0.005)

20

o
>
[
[
[
[
[ ]
[

® Dynamic PET with DI 1
A non-dynamic CBM

NEC hantom (Mcounts)
=

)]
T

0 1 2 3 4 5 6 7 8
Bed velocity (mm/s)

Fig.2 Relationship between bed velocities and the NEC,,pom in
dynamic index 1 and comparison between non-dynamic and dynamic
CBM considering NEC values; NEC noise equivalent
count at phantom

phantom phantom?
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Fig.3 Relationship between dynamic index and a Nyg 0 D Oy 10 mmo
and ¢ Oy 19 pm/N1o mm Tatio and comparison between non-dynamic
and dynamic CBM regarding these values in dynamic index 1.

(Fig. 3¢). The CV of Oy 19 mm/N1omm in DI 1, 2, and 3 were
17.4%, 13.7%, and 7.5%, respectively. The N,q ,, With
and without PSF was 6.1-7.5% and 5.8—7.1%, respec-
tively, and N} ., increased by an average of 3.4% by PSF.
The Qy 10 mm With and without PSF was 19.5-31.4% and
19.0—24.9%, respectively, with an average increase rate
of 25.0% by PSF. The Oy 19 mm/N1o mm With and without
PSF was 3.7-4.7 and 2.9-4.2, respectively, with an aver-
age increase rate of 7.9% by PSF. Different trends were not
observed in all the velocities for these parameters with and
without PSF. The relationship between the SUV .. and the
DI at each sphere is presented in Fig. 4. The SUV . at
each sphere was not influenced by the DI, and these were
almost equal to those in non-dynamic CBM. The CV of
the SUV .. between the bed velocities ranged 3.3-11.2%
and was lower for larger spheres. On visual evaluation,
the image for 7 mm/s appeared more as Gibbs artifact
compared with images from the other velocities (Fig. 5).
However, 95% confidence interval between each image
did not include 0, and the difference of average preference
degree of each image did not exceed the Yardstick score

Nio mm» Percent background variability at 10-mm circular regions of
interests; Oy 1 mm» PErcent contrast of the 10-mm hot sphere

(Yy.05=0.39). Hence, there was no significant difference
between images obtained at the different seven bed veloci-
ties in statistical analysis.

Discussion

In this study, we performed a quantitative assessment of
WBDCBM-PET using a phantom. It is well known that NEC
has been used to evaluate the PET image quality and char-
acteristics of the system [24]. As previously reported, CBM
bed velocity derived from an NEC-based conversion table
can be reliably used to determine the condition associated
with equivalent image quality between CBM and SS acquisi-
tion methods [7, 11]. In this study, NEC of dynamic CBM
was not impacted by bed velocity for DI equal to 1 and was
approximately equal to that of non-dynamic CBM. NEC is
constant for the overall acquisition time and is proportional
to the overall acquired coincidence events. Therefore, the
detection capability of coincidence events in dynamic CBM
is equivalent to that in non-dynamic CBM and SS for a given

@ Springer
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acquisition time; in addition, the impact of NEC on image
quality with dynamic CBM is equivalent to that with CBM
or SS acquisition. Ny, ., is an indicator of statistical noise
[23], and an increasing DI means extension of acquisition
time. In a study by Osborne et al., noise assessments showed
statistically significant improvement with use of CBM tech-
niques [7]. Accordingly, decrease in N ,,,, With increase in
DI can be interpreted as decline in statistical noise due to the
extended acquisition time. The Qy 9 iy, 1S the percent con-
trast for 10-mm hot sphere in the positive image [23]. The
OH.10 mm did not depend on DI, and this finding suggests that
it is not affected either by bed velocity or the pass number
in CBM. The observed improvement in the Oy 19 /N0 mm
ratio with an increase in DI is attributable to the decline in
Nygmm- The SUV .. values were constant regardless of DI
and the bed velocity for all spheres, and there was almost
no difference between non-dynamic and dynamic CBM in
this respect. These results suggest that the SUV__ is not
influenced by pass number or bed velocity.

The Japanese guidelines for the oncological FDG-PET/
CT data acquisition protocol recommend NECp,om>10.8
Mcounts, Nyg < 5.6% and Oy 10 mm/N1o mm > 2-8% [23]. In
this study, the NECj;,om ranged 14.4-15.2 Mcounts, which
achieved its recommendation value. The range of the Ny
with and without PSF was unable reach the recommenda-
tion value. On the other hand, the Qy 1o /N1 mm With
and without PSF were above the minimum recommended
value. It has been reported that TOF improves the signal-to-
noise ratio [25-27] and PSF modeling dose resolution, and
enhances contrast [25, 28]. On the other hand, PSF modeling
significantly alters image noise properties and induces edge
overshoot effect, which is referred to as the Gibbs artifacts
[25, 29]. Lee et al. reported that the use of PSF modeling
reconstruction algorithm improved spatial resolution by
45%, and the percent contrast was significantly better than
that achieved with the conventional OSEM without PSF
[28]. However, the noise level associated with use of PSF
modeling reconstruction was higher than that with the other
reconstruction algorithms [25, 29]. Our study involved the
use of TOF and PSF modeling. Moreover, the increase rate
of the Oy 19, With PSF was larger than that of the Ny,
with PSF. Therefore, it is evident that PSF improves the
percent contrast rather than increasing the noise [30]. In our
study, we observed slight variations between each physical
parameter and bed velocities at the same DI; however, no
specific trend was identified with respect to bed velocity.
N1o mm> QH.10 mme A0 O 10 mm/N10 mm ratio are calculated
using the average pixel value for a small ROI of 10 mm,
and SUV_,,. is obtained from the maximum activity con-
centration per pixel in a ROI. These physical parameters are
subject to statistical variability due to the reduction in the
number of pixels, and the noise is enhanced by PSF. In addi-
tion, since the phantoms were made for each bed velocity, it

is hard to achieve precisely identical activity concentrations
in each one. For these reasons, the variations in physical
parameters may also be related to the statistical variation of
pixel value and minor differences of radioactivity concentra-
tion at each phantom.

On visual evaluation, no significant difference was
observed between the seven bed velocities; however, the
image obtained for 7 mm/s appears more as Gibbs artifact
compared with images obtained for other velocities. Kidera
et al. reported that edge artifacts in PET images recon-
structed using the PSF algorithm increased with an increas-
ing sphere-to-background ratio of radioactivity [31]. As
mentioned above, the limitation of this study is that minor
differences of radioactivity were involved. It is believed that
these reasons lead to the appearance of Gibbs artifacts in
the image obtained for 7 mm/s. However, a lack of signifi-
cant difference on visual evaluation using statistical analysis
indicates that dynamic CBM can provide sufficient image
quality compared with non-dynamic CBM. Dynamic CBM
can reduce the acquisition time required to image the whole
body. Therefore, even if an examination is canceled mid-
way, it is possible to create an image from partially collected
data. Furthermore, time-activity-curve can be created using
multiple passes, and kinetic analysis can be performed using
multiple passes. Future studies should investigate WBD-
CBM-PET in a clinical research setting.

Conclusion

We verified the quantitative accuracy and image quality
achieved with WBDCBM-PET. Dynamic CBM can provide
image quality equivalent to that achieved with non-dynamic
CBM and SS with comparable quantitative attributes. The
results of this study would contribute to kinetic analysis and
diagnosis of cancer using PET.
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